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The superstring [|l[] offers the exciting possibility of predicting all the parameters of 
the standard model in terms of a single parameter, the string tension. However in 

^^ . order to realise the full predictive power of the superstring it is necessary to determine 

the origin and effects of supersymmetry breaking. Only after SUSY is broken are 
the vacuum expectation values (vevs) of moduli determined and these determine the 
couplings of the effective low energy theory. Also SUSY breaking must be responsible 

5^ \ for the splitting of supermultiplets allowing for the superpartners to be heavier than 

their standard model partners. 

In supergravity theories soft SUSY breaking terms may be added to the lagrangian 
without introducing new divergences and thus need not spoil the super symmetric so- 
lution to the hierarchy problem. If SUSY breaking is dominated by the F term of 
a specific field the soft terms may be related in a model independent way if super- 
symmetry breaking occurs in a hidden sector with coupling to the visible sector via 
gravitational effects onlyjg, y, Q. In this letter we will investigate the predictions for 
the moduli and soft terms in superstring theories in which the origin of SUSY breaking 
is through a gaugino condensate in the hidden sector. 

Gaugino condensation P, B] offers a very plausible origin for SUSY breaking for it is 
very reasonable to expect such a condensate to form at a scale between the Planck scale 
and the electroweak breaking scale if the hidden sector gauge group has a (running) 
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coupling which becomes large somewhere in this domain. Non-perturbative studies in 
effective supergravity theories resulting from orbifold compactification schemes suggest 
the dynamics of the strongly coupled gauge sector is such that the gaugino condensate 
will form and trigger supersymmetry breaking. 

The advantage of gaugino condensation as the underlying supersymmetry breaking 
trigger is twofold. In the first place it is generic in 4D-superstring theories to have 
an hidden sector with a gauge group given by £'(6) or smaller. For such asymptot- 
ically free gauge theories the coupling usually becomes strong at low scales so gaug- 
ino condensation may be expected - thus there is no need to postulate an additional 
source of supersymmetry breaking. Secondly the scale of gaugino condensation and 
the associated supersymmetry breaking scale are dynamically determined and thus the 
mechanism offers an explanation for the magnitude of the hierarchy of masses scales. 
Thus, when combined with the radiative breaking of the electroweak symmetry, the 
resultant theory not only protects the electroweak and supersymmetry breaking scales 
from receiving large radiative corrections proportional to the unification or Planck scale 
(the usual hierarchy problem) but also predicts the supersymmetry breaking and elec- 
troweak breaking scales in terms of the Planck scale and the multiplet content of the 
theory. In addition, after supersymmetry breaking, the moduli of the theory are fixed 
giving a prediction for the value of the gauge couplings and the Yukawa couplings. 

In order to realise the full predictive power of the 4D- superstring theory, it is 
necessary to compute the non- perturbative effects leading to gaugino condensation. 
The complete solution is clearly beyond our present-day technology so we are forced 
to employ approximation methods. In this paper we will consider the implications for 
the soft SUSY breaking parameters in the case that gaugino condensation is the source 
of supersymmetry breaking. We parameterise the strong binding effects in the hidden 
sector by a simple effective (locally supersymmetric) 4-gaugino coupling. We then are 
able to use Nambu-Jona-Lasinio (N-J-L) techniques Q to obtain non- perturbative 
information about the gaugino binding. This shows that a reasonable pattern of su- 
persymmetry breaking is possible with a single gaugino condensate. We generalize the 
discussion of reference |^] to consider an orbifold model which includes different moduli 
fields and we determine the tree level potential and the one-loop radiative corrections 
due to strong gaugino binding. We show that minimization of the potential leads to 
vacuum expectation values (v.e.v.s) for the moduli which either take dual invariant 
values or have a common value related to the v.e.v. of the dilaton. This naturally al- 
lows for squeezed orbifolds which were found to be better candidates for minimal string 
unification |2|. We also include chiral matter fields in the visible sector and determine 
the soft SUSY breaking terms. Unlike results obtained previously we find that the 
radiative corrections stabilise the potential for vanishing v.e.v.s of the matter fields. 
We also find values for the soft parameters which lie outside the favoured range of 
"model" independent parameterisations of the soft terms due to our inclusion of large 
non-perturbative effects beyond string tree level in the effective potential. Of course, 
due to the simplicity of our model for strong binding, our results should be considered 
as only indicative of those to be expected in a complete gauge theory. However, they 
do show the importance of including the full nonperturbative effects of gaugino binding 
before extracting predictions for SUSY breaking phenomena. 

We start with the effective theory following from a 4-D superstring orbifold model. 



It is specified by the Kahler potential G = K + lnj\W\'^ and the gauge kinetic function 
/ given by 

K = -ln{S + S + 2^,ka6hslnT„) - J^MT + T), + ^^Ki{T, f)\^i\'', (!) 

W = Wo + Wm, (2) 



and 
where 



fo = S + 2S,(6'i - kJhs)ln ivmf) (3) 

b'l = Y^(C(Ga) - ^RManRa){l + 2n)jJ) (4) 

where C{Ga) is the quadratic Casimir operator of the gauge group Ga, ka is the level of 
the corresponding Kac-Moody lalgebra for the gauge group Ga and Sq^ is the Green- 
Schwarz term needed to cancel the gauge independent part of the duality anomaly 
P, ^, 1^. Wq in eq.@ is the scalar potential due to the gaugino condensate (see 
below) and Wm the matter superpotential. The subscript, 0, on the gauge kinetic 
function / indicates that it is given at the string scale and the form of eq.(^ includes 
the contribution from the massive Kaluza-Klein modes. 

The normalization of the kinetic term for the chiral matter superfields is given by 



Kl{T,T) which is a polynomial function of the moduli fields |11| 



Kl = U,a,T^ (5) 

where aj a constant (in most cases at = 1) and riij is the modular weight of the 
superfield tpi with respect to the real part, Trj = Tj + Tj, of the moduli Tj. Eq.(^ 
was derived for Kl(T,T)\ipi\'^ <C 1. Note that the Kahler potential includes the Green- 
Schwarz term and the dilaton transforms under duality in a non-trivial way {S — > 
S + 2T,ika5'Qgln{icTi + d)) so that F = 5 + 5 + 2T,ika6QglnTri is duality invariant. 

The form of this effective theory is fixed by the requirement that it should cor- 
respond to the strongly coupled theory in the hidden sector. We have suggested a 
simple approximation to this structure which, we hope, captures the essentials of the 
strong binding effects leading to gaugino condensate. The basis of this approximation 
is to start with a (N=l locally supersymmetric) four fermion description of the strong 
hidden sector interaction and to use Nambu-Jona-Lasinio techniques to compute the 
non- perturbative effects responsible for gaugino condensation. The model is defined 

by g 0] 

Wo = Uir]'\T,) $ (6) 

/ = /o + CH^/f^) (7) 

where $ is an auxiliary chiral superfield and ^ = -J^. Duality invariance fixes the mass 

parameter fj, in eq.(0) to be ^ = mlliT^^ "' " with m duality invariant. We choose 
m = M^ so that the parameter /i becomes, at the field theoretical limit, /x = M^^^, 
with Mcom = MgliiTj.^ the compactification scale. Since fi is non-holomorphic, con- 
sistency with super symmetry requires to interpret ^u as wave function renormalization 
of the dilaton field. In such a case /x would appear in the Kahler potential and not in 
the kinetic function B. 



From the classical equation of motion the scalar component of the auxiliary field $ 
is given in terms of the gaugino bilinear by H 



-KI2^ 



^R^l 



while the fermion component is given in terms of the gaugino and chiral fermions. 



(8) 



For a pure gauge theory in the hidden sector the tree level scalar potential is |12] 



V^ = hi{G-^)lW -^e"- 



(9) 



with i = S,T and hi the F-term of the chiral superfields S" or Tj. 

For the choice of W and / given in eq.(|6|) and eq.(0) the F-terms for the S and Tj 
fields are 



hs 



-e^'^Gs 



fs^L^R 



le^'/^Wo 



(1 + Y/0 
Y 



and 



1 



.Kj 



hT, = -e''Wo 



1 , a,- r?T / cij , 

— (1 + 7)+ 2^(1- f: 



T 



where a^ = 2{ka5f^ — ha 



). The tree level scalar potential is then 
Vo 



1713/2-60 



with 



Sn 



Y Y 

^ e Y + ai 
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^\2 -^ri \n 1 2 



47r2' 



(10) 
(11) 

(12) 
(13) 



and 6*2 the Eisenstein modular form with weight 1/2. The gravitino mass is given by 

1 



"^3/2 



„K 



^i\r]{Ti. 



(14) 



Clearly SUSY will be broken and a non-zero gravitino mass will result only if there is 
a non- vanishing v.e.v for (/> generating a non-zero hs (cf. eq. (p!o|) ) . Assuming this to be 
the case and solving eq. (0) gives a parameterisation of gaugino condensation equivalent 
to that derived by other methods |13]-[14|. To this extent the form of eq.(|l^) is just a 
re-parameterisation of the usual model of gaugino condensation. Where we depart from 
this analysis is our inclusion of radiative corrections in the effective potential. Summing 
these effects to all orders shows that the gaugino condensate dynamically forms. 



Using eq.(^) the scalar potential may be written in terms of the gaugino field 

en 



V^ 



16(i?e/)2 






(15) 



where the factor of {Ref)^ in the denominator in eq.(p!5|) appears because we have 
rescaled the gaugino fields appearing in this equation to have canonical kinetic terms. 
Thus we see that the choice of W and / in eqs.(|^ and (0) leads to a four- fermion 
interaction with strength proportional to /~^. 



In a pure gauge theory the running gauge couphng is related to f hy gl = (Ref) ^ 
with 

where ka is the level of the corresponding Kac-Moody algebra for the gauge group 
Ga, ha = Yg^(3C(Ga) — T,ji^hji^T{Ra)) is the N=l /3-function coefficient and Hr^ the 
number of chiral fields in a representation Ra- Ma is the renormalization scale below 
which the coupling constants begins to run 

m2 = S, (Tri)""' m2 (17) 

where Tjn and the constants Oai is model and gauge dependent. 

aa^ = M^^ (18) 

"a 

In the case of a single overall (1,1) moduli Ti = T, i = 1, 2, 3, with a = Soj = —1 one 
obtains the "naive" field theoretical expression for Ma = {ReSReT)~^''^. The existence 
of an infinite number of massive states (Kaluza and winding states), above the string 



scale, give rise to string threshold contribution A^ [15, |l^ which are relevant to the 
determination of the coupling constant at the string scale (cf. eq.(^)). In the effective 
four fermion theory defined by eqs.(g) to ( |l5|) f~^ sets the scale for the strength of 
the interaction (cf. eq.(|l^)). If the theory is to model the strong binding effects due 
to a gauge interaction it clearly should be related to the gauge coupling g'^. Thus /^^ 
does indeed run like g'^ . However this running gives rise to an unphysical singularity in 
f~^ related to the Landau singularity which we will choose to regulate when applying 
eq.(^). Below the scale at which the running coupling becomes large the hidden sector 
states are confined and have a mass of 0(Ac). Thus we expect the 4 Fermion effective 
interaction to be pointlike at scales below Ac and so we cutoff the growth implied by 
eq.(p!5D when the strength of the interaction reaches 1/A; 



2 
c 

The tree level potential for (j), given by eqs .([l^ ),(p^) and (14), has no stable solu- 
tion. This is consistent with the observation ||I^ that gaugino condensation as usu- 
ally parameterised does not occur in models with a single hidden sector gauge group 
factor. However we have argued it is essential to go beyond tree level to include non- 
perturbative effects in the effective potential which may allow for a non-trivial minimum 
even in the simple case of a single hidden sector gauge group. This non-perturbative 
sum (equivalent to the NJL sum) is readily obtained simply by computing the one loop 
correction to V. If these destabilise the potential the resultant minimum will correspond 
to a cancelation of tree level and one-loop terms which, as noted above, is necessarily 
non-perturbative in character [^. 

The one-loop radiative corrections may be calculated using the Coleman- Weinberg 
one-loop effective potential |1£, 20 1, 



^1 = ^-^^^ / (fpp^ln{p^ + m2) (19) 

where M^ represents the square mass matrices and Str the supertrace. As discussed 
above the 4 Fermi interaction has a form factor which falls rapidly above Ac effectively 



giving a momentum space cutoff at the condensation scale defined as the scale where 



the gauge coupling constant (cf. eq.(16)) becomes strong. 



The leading contribution to the one-loop potential Vi comes from the supersymme- 
try breaking mass of the gaugino fields and keeping only these terms one has 

Vi = -jApixg) (20) 

with 

J(x) = x + x'^ln(—^)+ln(l+x) (21) 

1 + X 

2 

7 = 3^ {ug the dimension of the hidden gauge group) and Xg = -^. The tree level 
gaugino mass is given by 

2 dVo d'^Wo 
' Ref dWo d'XndXL 

bo 



3Ref 



Boms/2 (22) 



with Bq given in eq.(13) and the factor Ref in eq.(|22D is due to non-canonical kinetic 
terms for the gauginos. In addition there should be a supersymmetric contribution 
to the mass of the hidden sector states, gauginos and gauge bosons, generated by 
the strong hidden sector forces which (in analogy with QCD) may be expected to be 
confining. Since the inclusion of these supersymmetric masses only results in a shift of 
the v.e.v. of the dilaton field we will not consider them in this paper. 

We now consider the minimisation of the full effective potential, Vq + T^. As dis- 
cussed in [^, 17 1, a supersymmetry breaking solution with non zero cj) is found for a 



large four fermion coupling. To regulate the unphysical divergence coming from the 
vanishing of Re f we cut off its evolution at Re f = A^ the point at which the gauge 
coupling becomes large. This is done to give the dimensionally correct form for the 
effective four fermion interaction at low energies, -^■(V'V')^- With this there is a well 
defined minimum with the condition ^ = being satisfied through a cancelation of 
tree level with one loop terms. As such it is necessarily non- perturbative and shows 
that, within our four fermion approximation, gaugino condensation is dynamically gen- 
erated. The condition d V/d Ti can be satisfied either for Tj at the dual invariant 
points {Ti = l,e*'^'^) or for large values of Tj corresponding to squeezed orbifolds. In 
the latter case only if a^i = Oaj = a it is possible that different moduli Ti and Tj have 
a large v.e.v and their v.e.v.s will necessarily be the same (up to modular invariant 
transformations), i.e. Tj = Tj. We see that it is thus only possible to have a large 
overall moduli T if all three Oj have the same value, as in the case for a Z^ or Z^ 
orbifold where all Oj vanish [|lO|. For an orbifold with two completely rotated planes 
then only one ai is (possibly) different than zero in which case the v.e.v. for the moduli 
attached to this plane will be different than those of the other two. A squeezed orbifold 
may thus naturally be obtainedg. The v.e.v. of Y and Xg are given in terms of the 
dimension of the hidden gauge group, its one- loop N=l /3- function coefficient and a by 



m 




Y = 8nJ-{l + -—-e)-^ (23) 



^These orbifolds were found to be better candidates for a minimal string unification |r^,p|. 



and 

4bo 



e = xgln{xg) = ^{3a-l) (24) 

Prom eq.(p4[) we obtain the value of the moduh 

sy 6 

Si(l - ai)Tr^ = — HQ) (25) 

ttoq vr 

where the sum in eq.(^) is over all moduli that acquire a v.e.v different from the dual 
invariant points and Q = ^jri ' '''^ ^- If the gauge group is broken down from 

£"8 to a lower rank group such as SU{N) with 5 < A^ < 9 (as can be easily done 
by compactifying on an orbifold with Wilson lines) a phenomenologically interesting 
solution can be obtained with only one gaugino condensate. The value of the dilaton is 
mainly given by the dimension of the hidden gauge group and for a phenomenologically 
interesting solution one needs ^^ n-a) — ^^- ^^ particular if the hidden sector gauge 
group is SU{6) the gauge coupling constant at the unification scale would be g~^ = 
Y/2 ~ 2.1. Using eq.(p3[), the fine structure constant at the unification scale is given 

by 

a- = (|i)-' . '-^. (26) 

^ 47r v^ 

For an SU{6) gauge group a~^f. ~ 26.7. This value is consistent with minimal super- 
symmetric standard model (MSSM) unification pl| ]. 

On the other hand, the v.e.v. of the moduli fields does depend on Uai, the v.e.v. of 
the dilaton and bo. The value of a is approximately —1/3 if either the modular weight 
of the hidden matter fields is n^ = —1/3 (i.e. untwisted fields) or if the dominant 
term in the N=l /3- function coefficient for the hidden gauge group bo is given by the 
quadratic Casimir operator C{Ga), in which case from eq.(|l8|) (taking 6gs = 0) 



«. = -^ = -^(1 - |s^>R.r(i?,)(i + n^J) ^ -i 

If we only consider the three diagonal (1,1) moduli (which are always present in orb- 
ifold compactification) then, for a gravitino mass of order ITeV and a = —1/3, 
ReT ~ 8, 12,22 depending on whether three, two or one moduli get a "large" v.e.v., 
respectively. In the case discussed above of a large overall modulus ReT = ReTi = 
ReT2 = ReT-j, ~ 8. Note that this result is quite different from the values previously 
obtained T ~ 1.3 [^]. Clearly the discrepancy is due to the inclusion of the strong 
gaugino binding effects in Vi (cf. eq.(pO|)). 

Interesting enough these large values are necessary for the consistent minimal uni- 
fication scenario with the correct values of the weak angle sinOu] and strong coupling 
constant a strong |23|. 



Up to now we have only considered the scalar potential for gauginos in the hidden 
sector, dilaton and moduli fields. We would now like to include the contribution from 
matter superfields. In general the matter superpotential is given as a power series 
expansion in the chiral superfields if suppressed by the Planck mass. In the absence 
of linear and quadratic terms, the leading term in the superpotential is cubic in the 

7 



matter superfields since one assumes that the matter fields at most get a small v.e.v. 
compared to the Planck mass to be consistent with the Kahler expansion in eq.([l|), 
i.e. \^pi\'^ Kl{T ,T) < 1. The gaugino condensate term Wq will then give the dominant 
contribution to the scalar potential and the v.e.v. of the dilaton and moduli fields 
obtained in eqs.(p3D and ( [25| ) will remain valid. 

For a generic matter superpotential Wm, using the Kahler potential of eq.(|l]), the 
tree level scalar potential is jO] 



Vo = ^e^ [{K-ys\FsWo + KgWml^ + ^i{K-y,\FiWo + Ap - 3\Wo + Wm\^) (27) 
where 

*"^+ Wo 2bo^' 

Pi = KiWm + Wm,i, 

bo is the one-loop beta function coefficient for the hidden gauge group, fi is the deriva- 
tive of the gauge kinetic function with respect to the i-field and the index i runs over 
all matter and moduli fields. The first term in eq.(p7|) is just the square of the auxiliary 
field of the dilaton hs while the second term is a sum of the squares of the auxiliary 
fields of the moduli hxi and chiral matter fields h^p. . 

To determine the vacuum structure one has to include quantum corrections and 
the main contribution to the one-loop potential is again given by the gaugino-loops. 
We would like to emphasise again that, although we are just calculating the one-loop 
potential, the final result is necessarily non-perturbative, since by solving the mass gap 
equation one is stabilizing the tree level potential by the one- loop potential, and one is 
effectively summing an infinite number of gaugino-bubbles. One can easily determine 
the contribution of these loops by calculating the gaugino mass at tree level and then 
using eq.(|20|). Since all dependence on the gaugino bilinear in eq.(P) is given in Wq one 
has, 

with 

H = F'^iK-ysiFsWo + KsWm) + F'{K-y,{FiWo + A) - 3(VFo + Wm). (29) 

The one-loop potential (considering the contribution from the gauginos-loops only) is 
(cf. eq.dO)) 



V, = -7A^J(x, 



Vi = -jAi{2xg + xlln{xg)) (30) 

where we have expanded the function J since, as we showed in eq.(24), Xg = 0(10^^) 
and it is now given by 

'^^" A2 -36A4'^' • ^-^^^ 



If Wm = Wm,i = one has H = BqWq and eq. (|28|) reduces to eq. (|22|) , as should be the 
case. The scalar potential F = Vq + ^i is then 



12 27&0|^|2n,l, 



-3\Wo + Wm\^ - ^\H\\l + -xglnixg))] (32) 



So far we have not discussed the cosmological constant at the minimum of the potential. 
In fact, in the absence of matter fields, it is negative, of order A^. It may be cancelled 
through the addition to the matter superpotential of a term linear in a chiral superfield 



D|17] 



Wm = cD (33) 

To obtain a more transparent expression for V one can expand the scalar potential 
in powers of the gravitino mass {'m'^,^ = 46 | WqP). Making use of the solutions to the 
extremum equations eq.(p^) and eq.(|25|) the scalar potential is 

V = m\i^B + (7713/2^ + /i.e.) + C (34) 

with 

B = ^{iK~')lF^Fs + iK-^)lK,K^ + kE\D\' - 3)(^^ - kE\D\') e, 

A = ie^/2 {d{kS\D\'c + c) + F'{K~ysKscD - 3cD) (^ - KS\Df) e (35) 



and 



C = ^e"" {{K-yi\KiWm + Wm,i\^ + iKEr'\KE\D\\ + cp - 3\cD\^) 



where the z-index in eqs.(^) runs over all chiral superfields but for D. The leading 
contribution from the superpotential of eq.(33) is through the auxiliary field of D 



(hi) = ^e ''^{KdW+Wd))- This contribution is semipositive definite and for vanishing 
v.e.v. of D the only term that survives is the one proportional to |Wm,,Dp = c^ and 
the one-loop potential is independent of it. It is in fact this term that gives the main 
contribution to the scalar potential even for non-vanishing v.e.v. of D and since it 
is positive it allows for the cancellation of the cosmological constant by fine tuning c. 
While such a tuning is unnatural, it does demonstrate that it is possible to have a zero 
cosmological constant with supersymmetry broken at a phenomenologically realistic 
value. 

It is now straightforward to compute the soft supersymmetry breaking masses in 
the visible sector. The main contribution comes from the auxiliary field of the dilaton 
hs as can be seen from eqs. (|3^ and (^) since the v.e.v. of /i| » /i^j. The leading 
contribution to the scalar mass tuq comes from the e^ dependence implicit in B and 
gives (assuming zero cosmological constant) 

^° = -2'^°H (3a-2)(«-3) j "^3/2 (36) 

Since e < and a < 1/3 eq.(36) is positive showing, contrary to analyses neglecting the 
effect of Vi, that the scalar potential has a minimum for 0j = 0. Note that the scalar 



mass is the same for all matter superfields regardless of their modular weights. Since 
the auxiliary field of the dilaton is much bigger then the auxiliary field of the D field 
the scalar mass is only sensitive to the fact that one has no cosmological constant and 
not to the details of the cancelation of the vacuum energy. In the absence of v.e.v.s 
for the matter fields, the common supersymmetric mass is independent of the trilinear 
superpotential. 

Using eqs.(y), ([lO|) and ([l9|) one obtains the leading contribution to the common 
gaugino mass, mi/2, of the observable sector 

/ 3 — 5a \ 
"^^^ = -^" l (3«-2)(a-3) j ""'/' (^^) 

This comes from the hs auxiliary field contribution and is the same for all gaugino 
masses at the unification scale where the gauge coupling constants meet. 

The remaining soft terms are proportional to the A component of the matter su- 
perpotental, Wm \a- They are given by 

L = I^nRn m^iiW^ + h.c. (38) 

where N is the degree of the normalized superpotential W^ = \e '"^W^ and 



R- ^^""^^ 



(3a-2)(a-3) 



(3-5a) + i^(l + iV + E:^(/^-i)?'^i^^'^' 



h 



123 



(39) 



For the leading trilinear terms, W^ = \e^''^hijk(t)i(t>j4>ki whose coupling, hijk, is inde- 
pendent of the moduli T this reduces to 

(3a — 2)(a — 3) 

For a bilinear term, such as the MSSM term W^ = ^HiH2, with /x independent of T 
we have 

One problem associated with such a term is that there is no obvious reason why // < 
0{Mw) as must be the case if the hierarchy problem is not to be re-introduced. To 
answer this it has been suggested that the // term originates from a term in the Kahler 
potential proportional to H1H2 P^ . After supersymmetry breaking this generates the 
JJLH1H2 term in the superpotential with ^ oc ra^i2- In this case the soft term coming 
from the B term in eq. (p3) is again of the form of eq. (pSf) with 



B" = U^ (42) 

V"^3/2/ 

= ( '-'^ V^ (43) 

V(3a-2)(a-3)y 2 ^ ^ 

Another suggestion is that the ^ term comes from a term in the superpotential propor- 
tional to WoHiH2. In this case we find from the B term the contribution of the form 
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of eq.(pq) with 

B" 



{a — I) I rriQ 



(3a -1) \m-ii2) 
(a - 1) / 3 - 5a V eBQ 



(44) 



(3a -1) V(3a-2)(a-3); 2 
This completes the derivation of the soft terms arising from gaugino condensation. 



It is also interesting to calculate the fine tuning parameter A [25], defined as 

ai dMl{ai,hi) 



'M| dai 



< A (45) 



where Oj are the soft SUSY parameters and Mz the mass of Z boson. This quantity 
measures the allowed degree of the fine tunning needed to get the correct mass Mz', 
for A = 10 the value of a^ must be fine tuned to 1/10 of the Z mass. At a crude 
approximation A ~ ml/M^ with rrii evaluated at the electroweak scale and it is given 
by ml = ?n,Q + //^ + krn^i^ with k ~ 1/2. 

It is illuminating to compute them for realistic examples with an SU{&) gauge 
group in the hidden sector with different matter content. They are shown in tables 
1-3. Notice that the fine structure constant at the unification scale is of the right order 
of magnitude as required by MSSM |2l|. It is the dimension of the gauge group in the 
hidden sector that sets the value of dg„((cf. eq.(p6|)). 

These results suggest that m,o/mi/2 is large contrary to the analyses based on 
assuming supersymmetry breaking originates at tree level from the dilaton F term even 
though in this case too the dilaton F term dominates. There are two reasons for this. In 
the first place the mechanism explored here, being nonperturbative, necessarily requires 
that loop corrections to the potential be as important as the tree level contribution. 
Indeed there is a strong suppression of the Rm terms due to a cancelation of the tree and 
loop contributions. Secondly the cancelation of the cosmological constant in gaugino 
condensation requires a contribution from the matter superfield sector. Both these 
effects are absent in [H] and explains the difference between the resulting soft terms. 

For a wide range of values for a, a large hierarchy can be obtained. However, 
the soft supersymmetric terms are more sensitive to a. In fig.l we show TnQ/m^i2, 
771,1/2/^3/2 and the trilinear term At as a function of a. For increasing a, rriQ and At 
become smaller. The common supersymmetric mass, 7779, is always larger than 7773/2. 
On the other hand, the gaugino mass is always smaller than 7773/2 and it approximates 
the gravitino mass for \a\ -^ 1/3. The ratio of 7771/2/7773/2 is independent of the value 
of 7773/2, but 7770/7773/2 is not. The reason is that 7779/7773/2 depends on Y/b^, which sets 
the hierarchy. 

Running the masses down to the electroweak scale, neglecting corrections due to 
possible large Yukawa couplings, the common supersymmetric mass remains the same 
while the gluino mass increases by a factor of three [|2^ . If we demand all supersym- 
metric masses to be in the range 100 TeV < 777^^ < 1000 Tel^, then 7770/777^/2 |gui < 30. 

From the range of values of the parameter a, the preferred value is for a positive 
and close to 1/3. For this value of a the difference between the supersymmetric masses 
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of the scalar and gaugino fields is smallest. This allows for having a small fine tuning 
parameter A. At the same time, the trilinear term \At\ decreases. This is welcome since 
one-loop diagrams, associated to the complex phases of the trilinear terms, contribute 
to the electric dipole moment of the neutron. For At = 0(1), this contribution is 
about 10^ — 10^ bigger than the experimental values |27]. Furthermore an a ~ 0.3 
minimizes the unification scale |2^ and allows for unifying the standard model gauge 
groups with the hidden sector one and the fine tuning parameter A is smallest. Thus, 
from all the range of possible values for the parameters Ug, bo and a, consistency with 
the MSSM and electroweak breaking, selects a very narrow band. It is remarkable 
that the values of all soft super symmetric terms improve within this band taking quite 
acceptable values. 
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Table 1 SU{6) gauge group with 167r^ bo = 15 and ao = 0-3. 
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Table 2 SU{Q) gauge group with 167r^ bo = 16 and ao = 0.3. 
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Table 3 SU{Q) gauge group with 167r^ bo = 11 and ao = —1/3. 



We show in tables 1-3, the values for phenomenologically relevant parameters de- 
termining the supersymmetry breaking, ni is the number of moduli, T^, with large v.e.v., 
9^ut ~ Y jl is the unification coupling, TO3/2 is given in GeV, Agut in 10^^ GeV and ctgut is the 



fine structure constant at Ag^t- At, B', B" and B" are explained in eqs.(|40|-[44D. A measures the 
tuning of the electroweak breaking (cf. eq.fiq)). The unification scale is given for aa = ao = 0.3 
in tables 1 and 2, where aa corresponds to the visible sector gauge groups. With this choice 
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the SU{6) and the standard model gauge groups are unified [§. In table 3 aa — 0.32 and the 
SU{6) gauge group does not become unified with the visible sector ones. 

To summarise, we have considered the phenomenological implications of SUSY 
breaking triggered by a gaugino condensate in the hidden sector. In a supergravity 
theory the strong binding effects play a role in all sectors of the theory and must be 
included. Here we have modelled these effects via a simple (N=l locally supersymmet- 
ric) four gaugino interaction which allowed us to use N-J-L techniques to estimate the 
nonperturbative physics. We thus constructed the modular invariant effective potential 
which determines the magnitude of the gaugino condensate and also the moduli of the 
theory. 

We have generalized the work in |^ by including several moduli fields. As a result 
of minimizing the scalar potential we found that the v.e.v. of the dilaton is mainly 
given by the dimension of the hidden sector gauge group. For reasonable hidden sector 
gauge groups a large mass hierarchy can arise together with an acceptable value for the 
fine structure constant at the string scale with only one gaugino condensate. We found 
that the extremum eqs. for the moduli are solved for a unique value of the parameter 
a (cf. eq.(]l^)) and thus the v.e.v. of the moduli take a common value (Tj = Tj) related 
to 60, a and the v.e.v of the dilaton or they take the dual invariant values (T = 1, e*'^'^). 
This result naturally accommodates the squeezed orbifold solutions which are better 
candidates for minimal string unification. 

We also showed that it is possible to fine tune the cosmological constant to zero 
while having SUSY broken at a phenomenologically interesting value. Incorporating 
chiral matter fields we computed the soft SUSY breaking terms. The ratio between the 
scalar and gaugino mass is given and it depends on bo, a and the v.e.v. of the dilaton. 
The numerical values for phenomenologically interesting solutions are consistent with 
results obtained from requiring acceptable values for the gauge couplings, electroweak 
breaking, dark matter abundance and rub = rrir assuming a minimal unification of the 
MSSMP]. 
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Figure 1: "1.0/^713/2) '"T'1/2/'^3/2 &iid the trilinear term At as a function of a. The short- 
dashed hne represents ^0/^3/2, the dot-dashed one ?Tii/2/'"T'3/2 while the long-dashed 
one At. 
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